Background. Children born to mothers with placental malaria (PM) have been described as more susceptible to the occurrence of a first malaria infection. However, whether or not these children remain more at risk during infancy has never been explored. We aimed to determine if children born to mothers with PM are more susceptible to malaria and remain at higher risk between birth and 18 months.
Placental malaria (PM) due to Plasmodium falciparum is estimated to cause up to 200 000 infant deaths every year [1] . Among the consequences that have been attributed to PM, children born to a mother with P. falciparum-infected placenta seem more susceptible to malaria. This potential susceptibility, defined as a shorter delay of occurrence of the first malaria infection, seems to be due to a phenomenon of immune tolerance, which is only partially understood. This would involve the transfer of parasite proteins from mother with PM to fetus leading to a modification of immune development of the fetus [2] . To date, only 5 studies have reported an association between PM and the delay of first malaria infection and the existence of immune tolerance, but without precisely accounting for local variability in exposure to vector bites [3] [4] [5] [6] [7] . However, recently Le Port et al showed that adequately taking into account variability in exposure to malaria, by means of a predictive statistical model [8] , reinforced the association between PM and the time to first occurrence of malaria infection [9] . Due to the protocol used in these previous studies (ie, follow-up of children from birth, to survey the occurrence of infections), survival analyses based on Cox models are particularly suited. However, these studies only considered the first malaria infection, and were therefore unable to explore whether or not such children remain more susceptible to malaria after the first infection. We believe this question is important from a public health point of view, to potentially provide more suitable prevention strategies. Here, we propose to explore this question by means of a more recent statistical methodology based on recurrent events [10] allowing the analysis of not only the first malaria attack, but all malaria attacks occurring during the follow-up. The aim of the study was to assess the impact of PM on the overall risk of malaria attacks from birth to 18 months of life in a Beninese cohort. More precisely, the main objective was to determine whether PM is a risk factor for only the first malaria attack occurring after birth or also for all subsequent attacks occurring during the first 18 months of life.
Gare, providing primary healthcare as well as a maternity ward for antenatal care and childbirth. Malaria is endemic in the study region and transmitted mainly by Anopheles gambiae sensu stricto and Anopheles funestus species [12, 13] .
More than 600 pregnant women (from 9 villages), visiting 1 of the 3 health centers for antenatal care and having no intention to move out of the region, were included in this study at delivery from June 2007 to July 2008. Twins, stillbirths, and human immunodeficiency virus-infected women were excluded. Two months before the beginning of the study, study supervisors and community health workers informed women about the study. Midwives were told to present the study to all women frequenting the antenatal care from the seventh month of pregnancy. An informed consent form, written in French and in Fon, was presented to study participants. The protocol was approved by both the Beninese Ethical Committee of the Faculté des Sciences de la Santé and the Institut de Recherche pour le Développement Consultative Committee on Professional Conduct and Ethics.
Data Collection

Malaria Surveillance
The infants were visited weekly at home from birth to 18 months and axillary temperature was measured by a community health worker. In case of a temperature >37.5°C, or a history of fever within the last 24 hours, mothers were told to bring their children to the health center, where a questionnaire was filled up and a Parascreen rapid diagnostic test (RDT) was performed to obtain an immediate diagnosis of symptomatic malaria infection. A thick blood smear (TBS) was performed to provide a later confirmation of the RDT result. Following a positive RDT, the infant was treated by an artemisinin-based combination (artemether and lumefantrine) as recommended by the Beninese National Malaria Control Program. A systematic TBS was performed monthly, to detect asymptomatic infections. Mothers were also invited to bring their infants to the health center at any time, for free attendance in case of fever or any clinical signs, and the same procedure was applied. A malaria attack was defined as an axillary temperature >37.5°C (or a history of fever within the last 24 hours), and a positive RDT and/or TBS diagnosed during weekly home visit or during an unscheduled visit of the child and mother at the health center. An asymptomatic infection was defined as a systematic monthly TBS positive without fever, history of fever, or any other clinical sign.
Measured Variables
Dependent Variable. The observed variable was time between birth and successive malaria attacks, or date of loss to follow-up from birth to 18 months of life. Covariates. For each mother, after delivery, age, data on use of intermittent preventive treatment in pregnancy (IPTp) with sulfadoxine-pyrimethamine, obstetric history, and gravidity (primigravid vs multigravid) were collected. Information on the possession of an insecticide-treated net by the family at study enrollment was collected, according to the mother's declaration. Thick and thin placental smears were made to search for PM, defined by the presence of asexual forms of P. falciparum in placental blood smears. At birth, newborns were weighed and a low birth weight was defined as a birth weight <2500 g.
The environmental risk of infection was assessed through quantification of exposure to vector bites. Human landing catches were performed in the villages over 3 nights, once every 6 weeks throughout the course of the study (2 years), to assess the density of malaria vectors and transmission intensity. Using environmental data (eg, rainfall, type of soil, watercourse nearby, vegetation index) and behavioral data (eg, number of inhabitants per room; ownership of a bed net or insect repellent) collected during the follow-up, a time-and space-dependent environmental risk of exposure to malaria was assessed for each child by means of a predictive model [8] .
Statistical Models and Strategy of Analysis
Recurrent events methodology in survival analysis was used to model the incidence of malaria attacks. These estimation methods have several advantages: (1) They take into account incomplete follow-up (not all children were followed up until 18 months); (2) they allow modeling the incidence of malaria attacks as a time-varying function (depending on the age of the child); and (3) they consider all the malaria attacks during the follow-up and not just the first one, as done previously by Le Port et al [9] . Using the "survival" package in R (version 3.2.0), the effect of covariates on the incidence of malaria attacks was studied through Cox models for recurrent events [10, 14] . We first looked at a simple marginal rate model stratified on the maternity ward and adjusted on all the other covariates. We then included the number of previous malaria attacks experienced by a child as a time-dependent variable into the Cox model, by incorporating 2 binary covariates: one coding the first malaria attack and the other coding subsequent malaria attacks. This is equivalent to a multistate model [14] where the transitions from no malaria attack to 1 and from 1 malaria attack to ≥2 are assumed to be proportional. Finally, PM was entered into the model as an interaction term with the number of previous malaria attacks. This is our main model, which allows separating estimates for the effect of PM on the first malaria attack and estimates for the effect of PM on subsequent malaria attacks.
In all these models, robust sandwich standard error estimates were used to adjust for multiple malaria attacks for the same child. None of the methods used in this study consider malaria attacks occurring for the same child as independent events. Missing covariate data were handled by complete case analysis, resulting in the removal of 15 children from multivariate analyses due to missing values.
For descriptive purposes, associations between PM and other covariates were investigated using Pearson χ 2 test for all categorical covariates. Also, nonparametric transition intensities were computed for each malaria attack. These are, at any time point, the probability of experiencing a malaria attack given that the child has not experienced any yet, the probability of experiencing 2 malaria attacks given that the child has only experienced one so far, etc. With these estimates, simulations were performed to obtain the distribution of the number of malaria attacks under the hypothesis that all children had been followed up from birth until 18 months, for the whole population, and then stratified by the PM status. These estimates were not adjusted on any covariate.
RESULTS
Description of the Study Population and Malaria Follow-up
Five hundred fifty live-birth singletons (among 646 initially selected newborns included in the cohort) were included in the analyses. The flowchart diagram of the cohort was previously presented and modified here to take into account that the previous survival analysis focused on the first 12 months of the follow-up ( Figure 1 ) [4] . During the study period of 18 months, we observed a total of 827 malaria attacks. Fourteen percent (113/827) of them were detected during monthly visits, while 86% (714/827) were recorded during unscheduled visits. On the overall follow-up, we observed 201 children who did not experience any malaria attack, 133 children who experienced exactly 1 attack, and 216 children who experienced two or more attacks. The average follow-up time was 16.8 months. Children contributed to a total of 281 903 person-days at risk. Table 1 provides the simulated probability distribution of the number of malaria attacks experienced by a child during 18 months. Simulations were obtained from observed data, but under the hypothesis that all the children had been followed up 18 months, without any loss of follow-up and with no adjustment on any covariate. The average number of malaria attacks is estimated to 1.64 and 33.9% of the children never experienced a malaria attack. For children who have experienced at least 1 attack, the average number of malaria attacks is much higher, equal to 2.47 (data not shown). The risk of the first malaria attack is roughly 10% higher for children with PM than for children without PM (30.8% vs 21.7%), whereas this risk for further recurrent events is similar for children with or without PM (17.5% compared to 18.3% for 2 malaria infections, 12.9% compared to 11.1% for 3 malaria infections, etc.)
Description of Covariates
In the sample of 550 children, 60 (10.9%) had PM, while for 6 deliveries these data were missing. PM occurred more frequently in primigravid and young mothers (P = .016 and P = .003, respectively) ( Table 2 ). The prevalence of PM was significantly higher in the Cada maternity ward. We also pointed out the following associations between primigravid and low birth weight and maternal age (P < .0001 in both cases) and between the maternity ward and the possession of bed nets (P < .0001) and maternal age (P < .0001) (not shown in Table 2 ). The environmental risk of exposure to malaria, a time-and space-dependent covariate, is associated with the maternity ward. All subsequent analyses were adjusted for maternity ward.
Association Between PM and the Risk of Malaria Attacks
In the Cox models, 15 children were removed due to missing covariates. Initial models can be seen in the Supplementary Data.
When PM was included in the final model as an interaction term (variables ap0 and ap1 in Table 3 ), PM was associated only with the first malaria attack (P = .048) and not with subsequent malaria attacks (P = .49). The hazard ratio (HR) for a first malaria attack for a child born to a mother with PM is 1.33 (95% confidence interval [CI], 1.00-1.76) compared with children born to mothers without PM. For subsequent malaria attacks (>1), this HR did not differ according to the existence of PM (HR = 0.90 [95% CI, .66-1.22]). The environmental risk was associated with an increased risk of malaria attacks of 6% per unit of environmental risk (HR = 1.06 [95% CI, 1.05-1.08]). A child who had already experienced 1 malaria attack had 72% increased risk to get further malaria infections (HR = 1.72 [95% CI, 1.41-2.09]) compared with children who had not experienced any malaria infections, whereas a child who had already experienced 2 or more malaria attacks had a 2-fold increased risk (HR = 2.09 [95% CI, 1.70-2.58]) compared with children who had not experienced any malaria infections. All the other covariate effects were not significant.
DISCUSSION
Our results are consistent with the hypothesis that PM is not associated with an overall susceptibility to malaria during infancy, but only with the delay of occurrence of the first malaria attack. Children born to mothers with PM tend to have an increased risk for the first malaria attack (HR = 1.37; P = .048) but not for subsequent attacks (HR = 0.88; P = .49). Children who experienced 1 malaria attack were strongly at risk to develop further attacks, consistent with the existence of an individual susceptibility to malaria, independent of placental infection and of environmental risk. This last variable, based on mosquitoes catches performed during the follow-up of the children, accounts for the effect of environment (eg, rainy seasons, distance to watercourse, number of windows of the house) and of behavior (eg, number of inhabitants per room, ownership of bed net, use of repellents) on the exposure to malaria vectors. Interestingly, the significant effect of this variable confirmed that the children who did not experience any malaria attacks were less exposed to the environmental risk of malaria. Taken together, these results are consistent with both the existence of a strong environmental effect on malaria occurrence and an individual susceptibility to malaria that is not directly related to placental infection. Previous studies used various protocols and outputs to infer an increased risk of malaria infection in infants due to P. falciparum PM. In the first study [3] , the output was asymptomatic infections based on a monthly TBS whereas Mutabingwa et al [5] worked on the occurrence of first parasitemia (symptomatic or not), with a TBS every 2 weeks. Finally, in Gabon, Schwarz et al [6] showed a higher risk of clinical malaria in children of mothers with placental P. falciparum infection (ie, fever or clinical sign with parasite). A very recent study has been published in which children were passively followed up through 2 years of age with active surveys performed quarterly [7] . Precisely dating the occurrence of asymptomatic infection required very frequent controls, and a monthly basis is certainly not sufficiently efficient. This is the reason why we decided to focus on symptomatic infections by means of a weekly control of temperature, together with a very close follow-up and free access to health services for the study population. However, as fever was verified by community health workers, the mothers had to bring their child to the health center to confirm malaria. Every morning, the field team verified whether all feverish children of the previous day had come to the dispensary, and if not, attempts were made to convince mothers to do so. Although very few mothers delayed visiting the dispensary (no more than 3 days), this delay was certainly not related to the presence of PM.
To consider not only symptomatic infections but all malaria infections occurring during the first 18 months of life of our population, we included asymptomatic infections in our statistical analyses. This also allowed considering the very first infections occurring in very young children that could occur without fever due to maternal antibodies. Results were very similar, showing that PM had an effect on the first malaria infection (symptomatic or not) (HR = 1.41 [95% CI, 1.07-1.86]) but not on subsequent ones (HR = 0.98 [95% CI, .76-1.27]). Finally, analyses were also conducted to model the variability due to maternity wards (3 centers) and to individual children, by including 1 random effect for the maternity ward and another one for each child. As before, results from these analyses remained unchanged.
We also conducted our analysis after grouping offspring of first and second gravid (paucigravid) vs multigravid mothers. The results remained unchanged consistent with a significant effect of PM only on the first malaria attack of the newborns, independent of gravidity.
PM was microscopically diagnosed in our study. It has been shown that microscopic and submicroscopic infections could be associated with the risk of anemia [15] and low birth weight [16] [17] [18] [19] , but to our knowledge no association has been detected between submicroscopic infections and malaria risk during infancy [20] . Submicroscopic infections seem to be an important issue notably at the beginning of pregnancy before the first dose of IPTp has not yet been prescribed, strengthening the fact that the overall pregnancy may have important consequences on the newborn [17] . The trigger of an immune tolerance by these early infections could be hypothesized but has never been explored; furthermore, the effect of these infections on the immunological status of the mothers could also be determinant. As the mothers of our study have been included at the delivery, we do not have information on the mother's infections during pregnancy (microscopic or submicroscopic), nor on their immunological status.
The effect of the first malaria attack on the occurrence of subsequent ones, regardless of PM, suggests the existence of individual susceptibility. Individual genetic polymorphisms could also be involved in immune tolerance and particularly concerning genes coding for the control of immunity. However, we tested for the effect of hemoglobin type AS and found that the hemoglobin type AS could have a protective effect (HR = 0.86) on the occurrence of first infection compared to hemoglobin type AA. This effect is not significant, however (P = .10).
As we made substantial efforts to account for environmental risk, this susceptibility may be due to unknown individual factors. Among them, fetal immune development may certainly play a critical role. It is commonly assumed that soluble parasite components, transferred from the mother to the fetus, are largely implicated in this phenomenon [2] . Thus, the existence of a subset of newborns who acquire a tolerant phenotype to blood-stage antigens that persists into childhood and is associated with an increased susceptibility to malaria infection is classically admitted [21, 22] . However, what remains to be resolved is the malaria specificity of this immune tolerance. Indeed, we have shown that PM was also correlated with nonmalarial infection during the 18 first months of life [23] . Furthermore, immune tolerance has also been proposed as an explanation for observation that maternal geohelminth infections are associated with higher risk of geohelminth infections in children [24] .
In conclusion, these observations highlight that immune tolerance is a complex and not fully understood phenomenon that could imply immunity to a broader sense, not specific to malaria infection and not only related to P. falciparum placental infection. Focusing on the protection of PM during pregnancy is clearly useful for protecting children born to a mother with infected placenta. However, the existence of a population of children not born to mothers with infected placenta, but also more susceptible, clearly justifies the attempt to develop alternative approaches of protection, including, for example, intermittent preventive treatment during infancy, notably in areas with low and seasonal transmission. PM could be considered as a partial and imprecise indicator of the general phenomenon of immune tolerance [21] and a poor biomarker to identify other children with an increased susceptibility to malaria.
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Supplementary materials are available at Clinical Infectious Diseases online. Consisting of data provided by the authors to benefit the reader, the posted materials are not copyedited and are the sole responsibility of the authors, so questions or comments should be addressed to the corresponding author.
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